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A highly conserved RNA-binding protein for cytoplasmic mRNA
localization in vertebrates
James O. Deshler, Martin I. Highett, Tatiana Abramson and Bruce J. Schnapp
Background: Cytoplasmic mRNA localization is a widespread mechanism for
restricting the translation of specific mRNAs to distinct regions of eucaryotic
cells. This process involves specific interactions between cellular factors and
localization signals in the 3′ untranslated regions of the localized mRNA.
Because only a few of these cellular factors have been identified, it is not known
whether common factors are utilized for the localization of different mRNAs. We
recently discovered Vera, a protein that binds specifically to the Vg1 localization
element and is involved in the localization of Vg1 mRNA in Xenopus oocytes.
Results: To characterize further the role of Vera in the localization of Vg1
mRNA, we have purified the Vera protein and cloned its gene. Vera is
homologous to chicken zip-code-binding protein (ZBP), which binds to a short
RNA sequence required for localization of β-actin mRNA in chick embryo
fibroblasts. The predicted amino-acid sequences of Vera and ZBP contain five
RNA-binding domains and putative signals for nuclear localization and export.
Like the binding of ZBP to β-actin mRNA, Vera specifically binds to a repeated
sequence motif in the Vg1 localization element that is required for Vg1 mRNA
localization in Xenopus oocytes.
Conclusions: Vera, a highly conserved component of the mRNA localization
machinery, participates in localizing different mRNAs in different cell types.
Thus, Vera appears to be a general factor for mRNA localization, and additional
factors may be required to specify diverse patterns of RNA localization.
Background
The localization of specific cytoplasmic mRNAs con-
tributes to cell asymmetry by restricting the synthesis of
their translation products to distinct subcellular domains.
During embryonic development, polarized distributions of
mRNAs in oocytes are established prior to asymmetric cell
divisions, leading to the selective inheritance of cytoplas-
mic determinants by daughter cells (reviewed in [1,2]). An
example of a localized mRNA in Xenopus is the Vg1 mRNA,
which encodes a transforming growth factor-β (TGF-β)-
related molecule implicated in mesoderm induction [3,4].
Vg1 mRNA localization is directed by cis-acting sequences
within a 366 nucleotide (nt) element of the 3′ untranslated
region (3′ UTR) [5]. The 366 nt Vg1 localization element
(VgLE) is bound specifically by Vera protein, an endoplas-
mic reticulum (ER)-associated protein present in oocyte
extracts [6]. Deletion analysis of the VgLE suggested that
four sets of repeated motifs (E1–E4) are required for tran-
script localization, three of which are also required for Vera
binding. Similarly sized regions of the VgLE outside these
repeats are dispensable for both activities [6]. All muta-
tions that disrupt Vera binding also impair localization of
the VgLE. Thus, it appears that binding of Vera to the
VgLE is involved in the localization of Vg1 mRNA. 
In this paper, we demonstrate that Vera protein interacts
directly and specifically with the motif UUCAC, which is a
bona fide signal absolutely required for localization of the
VgLE. We have also purified the Vera protein from oocyte
ER membranes and identified it as a Xenopus homolog of
zip-code-binding protein (ZBP), which is involved in
chicken β-actin mRNA localization [7]. Both ZBP and Vera
protein contain an RNA-recognition motif (RRM) and four
K homology (KH) domains, which in other proteins recog-
nize short, single-stranded RNA sequences [8–10]. 
Results
Vera protein binds specifically to the sequence motif
UUCAC
To determine whether Vera interacts with previously rec-
ognized sequence motifs in the VgLE, we tested the
ability of Vera protein to cross-link to short RNA probes
composed of tandem E1, E2, E3 or E4 motifs derived
from the VgLE (Figure 1a). Vera cross-links to the tandem
E2 probe (Figure 1a), but not to E1, E3 or E4 probes, indi-
cating that the isolated E2 motif (UUCAC) is sufficient for
Vera cross-linking. In addition, little Vera cross-linking
was observed to a full-length VgLE probe lacking E2
motifs (∆aE2) when compared with either wild-type
VgLE or mutant VgLEs lacking one class of the other
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three repeats (Figure 1a). Competition experiments show
that these differences in cross-linking activity are due to
Vera binding and not to differences in the photochemical
reactivity of the different probes (data not shown). Single
nucleotide substitutions at any position within the E2
motif can eliminate Vera cross-linking (Figure 1b), again
arguing that this interaction is specific. These experi-
ments suggest that the E2 motifs within the VgLE serve
as binding sites for Vera protein.
The UUCAC motif is a signal for RNA localization 
We showed previously that deletion of all five E2 motifs
completely abolished localization [6]. Although this was
consistent with E2 being a localization signal, an alterna-
tive explanation could have been that the actual localiza-
tion signal is some other sequence of the VgLE that
overlaps one or more of the E2 motifs. In such a case,
mutant VgLEs with single E2 deletions should have dis-
proportionate effects on localization. This is not the case:
deletion of any individual E2 did not impair localization.
Moreover, localization decreased in relation to the number
of E2 motifs deleted (Figure 2b,c), consistent with the
idea that the E2 motif itself is a localization signal. 
The effects of single and multiple E2 deletions on local-
ization correlate with Vera binding, which also decreases
with the number of E2 motifs. Competition for ultraviolet
(UV) cross-linking to the VgLE probe shows that mutant
VgLE RNAs containing any individual E2 deletion are
not significantly impaired in their ability to bind Vera
protein, whereas deleting more E2 motifs results in
decreased Vera binding (Figure 2c).
To summarize, deletion of E2 motifs decreases both
VgLE localization and Vera binding, and Vera protein
cross-links specifically to the isolated E2 motif. These
data support a model in which the binding of Vera protein
to E2 motifs is required for localization. As deletions of
the other repeated motifs also affect localization and Vera
binding [6], additional interactions, possibly involving
other proteins [11,12], must play a role in localization.
Purification of Vera protein 
To learn more about the function of Vera in Vg1 mRNA
localization, we purified the Vera protein (Figure 3) from
ER membranes of Xenopus oocytes. Vera cross-linking to a
32P-labeled VgLE probe was used to determine the pres-
ence of Vera protein in purified fractions. Because Vera is
the only oocyte protein in the size range 60–200 kDa that
is cross-linked to the VgLE RNA probe [6], its presence
could be tracked with certainty. We took advantage of our
previous findings, which showed that Vera cross-linking
activity sediments with ER membranes in sucrose gradi-
ents, to separate Vera from soluble proteins in the extract.
Vera was then released from these ER membranes by
dilution and centrifugation resulting in a Vera-enriched
supernatant or ‘ER release’. The ER release was applied
to a single-stranded DNA column that selectively
retained Vera cross-linking activity. Proteins were eluted
from the single-stranded DNA column with a KCl gradi-
ent, and fractions containing Vera cross-linking activity
were pooled, diluted and subjected to affinity chromatog-
raphy using a VgLE–agarose column. Proteins were
eluted from the VgLE–agarose column with a KCl gradi-
ent. The peak of Vera cross-linking activity copurified
with a pair of related polypeptides of approximately
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Figure 1
Vera protein binds directly to a repeated pentanucleotide motif,
UUCAC (E2), in the VgLE. (a) The repeated E2 motif is necessary and
sufficient for Vera cross-linking. Four similarly sized RNA probes, each
containing tandem repeats of one of the previously identified VgLE
motifs (E1, E2, E3 or E4; [6]), were tested for their ability to cross-link
Vera protein in oocyte extracts (upper panel). The relevant sequences
of these short RNA probes, with repeated motifs underlined, are
UAUUUCUACUUUAUUUCUAC (E1), UUCACUUUCACUUUCACU-
UUCAC (E2), UGCACAGAGUUGCACAGAG (E3), and CUGUUA-
GCUGUUAGCUGUUA (E4). Note that Vera cross-linked only to the
E2-containing short RNA probe and cross-linking was greatly reduced
when all of the E2 repeats were deleted from the full-length VgLE
probe (∆aE2). The VgLE mutants ∆aE1, ∆aE3 and ∆aE4, which were
previously found to partially disrupt localization [6], contain all the E2
motifs and cross-link to Vera. Purified Vera protein (see Figure 3) also
cross-links directly to the short E2 probe, and cross-linking is
disrupted with the ∆aE2 mutant, indicating that the purified protein
retains its sequence specificity (lower panel). (b) Mutational analysis
of the E2 motif and Vera cross-linking. Each nucleotide of the E2
repeats in the short RNA probe was mutated to one of the three
alternative nucleotides, and the mutant tested for its ability to cross-
link Vera protein. As can be seen, mutations at any position can
eliminate cross-linking, demonstrating that the E2–Vera interaction is
highly specific. The interaction is not affected when the first and
second nucleotides are replaced with an A or C, respectively, which
make the E2 motif resemble more closely the AC-rich ZBP binding
site. Some of the mutants have altered specificities causing other
proteins to be labeled.
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75 kDa (see Materials and methods) which were detected
by silver staining, and additional polypeptides could not
be detected in these fractions (Figure 3). 
To test whether purified Vera maintains its sequence
specificity for the VgLE and the UUCAC motif, peak frac-
tions from the VgLE–agarose column were tested for cross-
linking to short RNA probes containing tandem copies of
only one repeated motif, and VgLE deletion probes lacking
all copies of either the E1, E2, E3 or E4 motifs. Like Vera
protein in oocyte extracts, purified Vera binds specifically
to the VgLE, and this binding depends on the presence of
the UUCAC motifs (∆aE2; Figure 1a). In addition, Vera
cross-links directly to the short E2-containing RNA probe.
These data show that purified Vera maintains its specificity
for the VgLE and the isolated UUCAC motif.
Vera is homologous to chicken ZBP
The Vera gene was cloned using peptide sequences
derived from the purified protein to design degenerate
oligonucleotides for a reverse transcription (RT)–PCR
reaction containing Xenopus oocyte RNA as a template.
The resulting approximately 220 bp PCR product was
used to screen a Xenopus oocyte cDNA library. Two over-
lapping clones were isolated, and DNA sequencing
revealed a single 1782 bp open reading frame (ORF;
Genbank accession number AF055923). In a search of the
sequence databases using the Basic Local Alignment
Search Tool (BLAST), the Vera ORF identified a chicken
gene, ZBP [7], and a human gene, KOC [13], which are
highly homologous to each other. The predicted proteins
are 80% similar and 75% identical at the amino-acid level
(Figure 4). The Vera ORF shares 83% amino-acid identity
to KOC and 78% identity to ZBP. No additional genes
with significant homology to the genes encoding Vera,
ZBP or KOC were identified in the BLAST searches. 
Like Vera, ZBP also plays a role in mRNA localization. It
was identified on the basis of its ability to specifically bind
a short cis-acting RNA sequence required for β-actin
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Figure 2
Correlation between localization in vivo and
Vera binding for mutant VgLEs harboring
deletions of single and multiple E2 motifs. 
(a) Locations of the five E2 motifs (E2b–E2f)
are shown schematically. VgLE RNAs lacking
1, 2, 3 or all 5 E2 motifs were constructed
using site-directed mutagenesis and tested for
localization in vivo as previously described [6].
(b) Representative images of Xenopus oocytes
tested for localization of VgLE RNAs lacking
one (∆1 E2), two (∆2 E2), three (∆3 E2) or five
(∆5 E2) of the E2 motifs are shown (vegetal
poles oriented downwards). Localization is
seen as an accumulation of silver grains in the
vegetal region (white arrows) and at the vegetal
cortex (black arrows). All five of the single E2
deletions (∆1 E2) were tested and RNA
localization was as seen with wild-type VgLE
(WT), but only one example is shown. Note that
the accumulation of silver grains in the vegetal
region and at the vegetal cortex decreases with
reduced numbers of E2 motifs. (c) Correlation
between localization in vivo and Vera binding of
E2 deletion mutants. The fraction of oocytes
that showed any sign of vegetal localization of
microinjected transcript from a total of around
20 oocytes that were injected was used to
quantitate localization. The affinity of Vera in
oocyte extracts for wild-type (WT) and mutant
VgLE RNAs was tested by competitive
inhibition of Vera cross-linking to a wild-type
32P-labeled VgLE probe. Competition
efficiencies reflect the relative affinities of E2
mutants for Vera binding. Note that single E2
deletions (∆1 E2) have little effect on Vera
binding or localization whereas binding affinities
for Vera and localization frequencies decrease
with the number of E2 motifs present.
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mRNA localization in chicken fibroblasts [7,14]. The fact
that ZBP and Vera are involved in the localization of dif-
ferent mRNAs in different cell types suggests that Vera is
a general factor for RNA localization that is highly con-
served in vertebrates. The ORF of both Vera and ZBP
includes one RRM and four KH RNA-binding domains
(Figure 4), consistent with their known RNA-binding and
cross-linking activities. In addition to RNA-binding
domains, two putative nuclear-localization signals and one
Rev-like nuclear-export signal have also been noted
(Figure 4), suggesting that one function of this protein
may be to shuttle into and out of the nucleus. KOC was
identified as a factor that is overexpressed in human pan-
creatic cancer cells, but its function in these cells has not
yet been determined [13].
Discussion
Localization signals in the VgLE
Previously, we identified four different RNA motifs
(E1–E4) which are each repeated several times in the
VgLE and appear to be involved in localization of the Vg1
mRNA [6]. A recent mutational analysis of the VgLE [15]
yielded data that are consistent with E1–E4 playing a role
in Vg1 mRNA localization: small mutations in regions
outside of the E1, E2, E3 or E4 motifs had no effect on
localization, and an 85 nt subelement of the VgLE that is
sufficient for localization contains at least one copy of E1,
E2, E3 and E4. Although the previous study showed that a
shorter variant of E1 (VM1) is necessary for localization of
the 85 nt subelement [15], it will be important to resolve
whether E2, E3 and E4 also play a role in this context. It is
still possible that other sequences within the subelement
also have a role in the localization process. 
The studies in this report show that the E2 motif
(UUCAC) is indeed a localization signal as localization
decreases with reduced numbers of E2 motifs, and dele-
tion of single E2 motifs has no detectable effect on RNA
localization (Figure 2). Although the E2 motif is necessary
for localization, we do not think that it is sufficient
because other repeated sequences in the VgLE are also
important for efficient localization [6,15]. In addition,
RNAs containing tandem copies of E2 do not localize
when injected into stage III oocytes (data not shown).
These and other studies [14,16–18] show that the regions
of 3′ UTRs that specify RNA localization often contain
smaller and sometimes redundant localization signals. As
shown here for E2, it is likely that these smaller localiza-
tion signals interact with cellular factors involved in the
localization process. 
Vera and RNA binding
The derived amino-acid sequence of Vera (Figure 4) is
consistent with sequence-specific RNA-binding activity
(Figure 1). Two types of RNA-binding domain [19]
account for at least half of the primary structure. At the
amino terminus, there is a single RRM [20], noted previ-
ously in ZBP [7]. In addition to the RRM motif, there are
four KH domains ([13,21]; Figure 4). Structural and bio-
chemical studies indicate that both RRM [22,23] and KH
[9,10] domains recognize short regions of single-stranded
RNA in a sequence-specific manner. Therefore, we
cannot predict which of the putative RRM or KH domains
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Figure 3
Purification of Vera protein. (a) ER membranes were obtained by
sucrose-density-gradient fractionation of concentrated cytoplasmic
extracts from pooled stage IV–VI oocytes [6]. Vera protein, enriched in
the lower fractions of the sucrose gradient containing ER membranes,
was released from the membranes by dilution and centrifugation (ER
release). Vera was purified from the supernatant (ER release) using
single-stranded (ss) DNA coupled to cellulose, followed by affinity
chromatography with VgLE–agarose. (b) Samples from each
purification step were analyzed on SDS–polyacrylamide gels for total
protein and by Vera cross-linking to a 32P-labeled VgLE probe (UV
cross-linking). Lane 1, oocyte extract; lane 2, lower fraction of the
sucrose gradient; lane 3, ER release; lane 4, unbound fraction from
ssDNA–cellulose purification; lane 5, peak fraction from
ssDNA–cellulose purification; lane 6, VgLE–agarose column flow-
through; lane 7, buffer wash; lanes 8–19, fractions eluted from
VgLE–agarose column using a gradient of KCl from 0.1 M to 1.2 M.
Note that Vera cross-linking activity elutes from the VgLE–agarose
column as a sharp peak that coincides with a pair of approximately
75 kDa polypeptides on silver-stained gels.
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interacts with either the E2 or possibly other localization
sequences in the VgLE. 
The conservation between Vera, ZBP and KOC is very
high throughout their sequences, both within and outside
of the five RNA-binding domains (Figure 4). Considering
that RRM and KH domains are, in general, poorly con-
served at the primary sequence level [8,21], this high con-
servation suggests that Vera, ZBP and KOC may recognize
similar sequences or structures in their cognate RNAs.
Indeed, the repeated motif within the β-actin localization
element responsible for ZBP binding is AC-rich
(ACACCC; [7]) and is similar to the sequences required
for Vera binding (Figure 1b); the E2 motif (UUCAC)
present in the VgLE contains the trinucleotide CAC, and
the U residues can be mutated to either an A or C without
disrupting Vera binding (Figure 1b). 
Vg1 mRNA localization pathway
Vg1 mRNA localization is characterized by association of
the Vg1 mRNA with a subcompartment of the ER in the
vegetal half of stage II/III oocytes [6], followed by a
microtubule-dependent migration to the vegetal cortex
[24,25]. Actin filaments are then required to anchor Vg1
mRNA to the vegetal cortex [24,25]. The work presented
here and in previous studies [6,15] has failed to reveal
mutations in the VgLE that specifically disrupt distinct
steps in the Vg1 mRNA localization pathway. In contrast,
other localized RNAs possess distinct sequences that
mediate different steps of localization [16,17,26–28]. It
seems therefore, that VgLE mutations that impair RNA
localization disrupt all steps of the localization process.
How might deletion of one repeated motif in the VgLE —
the E2 motif — disrupt all steps of Vg1 mRNA localiza-
tion? One possibility is that a VgLE RNA–protein
complex assembles early in the Vg1 localization pathway
and all subsequent steps rely on proper assembly of this
‘core’ complex. Evidence for such a complex has recently
been reported [12] and its protein components are most
abundant just before the beginning of Vg1 mRNA localiza-
tion (stage II). Vera is most abundant at stage II of oogen-
esis [6] and appears to be a component of this complex
[12]. In order to carry out the aforementioned steps of
localization, this VgLE–protein complex could interact
with a variety of cellular factors at distinct times during
the localization process. For example, late in the Vg1
pathway, Vera or some other RNA-binding protein in the
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Figure 4
        .         .         .         .         .
SIKIAPAEGPDAKLRMVIITGPPEAQFKAQGRIYGKLKEENFFGPKEEVK
|||||||| ||||.||||||||||||||||||||||:|||||  ||||||
SIKIAPAEAPDAKVRMVIITGPPEAQFKAQGRIYGKIKEENFVSPKEEVK
        .         .         .         .         .
LETHIKVPSYAAGRVIGKGGKTVNELQNLTSAEVVVPRDQTPDENDEVVV
|| ||:|||:|||||||||||||||||||.||||||||||||||||:|||
LEAHIRVPSFAAGRVIGKGGKTVNELQNLSSAEVVVPRDQTPDENDQVVV
        .
KITGHFYASQ
|||||||| |
KITGHFYACQ
        .         .         .
TVHLFIPALAVGAIIGKQGQHIKQLSRFAGA
||| |||||.|||||||||||||||||||||
TVHQFIPALSVGAIIGKQGQHIKQLSRFAGA
TVHVFIPAQAVGAIIGKKGQHIKQLSRFASASIKIAPPETP
||| |||| .|||||||.||||||||||| ||||||| | ||.|||||:||||||||||||||||||:|||||  |||||||| |||||.
DSKVRMVVITGPPEAQFKAQGRIYGKLKEENFFGPKEEVKLETHIRVPAS
|||||||||||||||||||..||||||||||||||:||:||| ||||| |
AAGRVIGKGGKTVNELQNLTAAEVVVPRDQTPDENEQVIVKIIGHFYASQ
       .         .         .         .         .
LIGKEGRNLKKIEQDTDTKITISPLQDLTLYNPERTITVKGSIEPCAKAE
||||||||||||||||||||||||||:||||||||||||||.:| ||||||| |||||||||||||||||||
LIGKEGRNLKKIEQDTDTKITISPLQELTLYNPERTITVKGNVETCAKAE
       .         .         .         .         .
EEIMKKIRESYENDIAAMNLQAHLIPGLNLNALGLFPSSSSGMPPPSVGV
||||||||||||||||.||||||||||||||||||||  .||||||. |
EEIMKKIRESYENDIASMNLQAHLIPGLNLNALGLFP.PTSGMPPPTSGP
       .         .
PSPTSSTSYPPFGQQPESE
||   .  || | :| |.|
PSAMTP.PYPQF.EQSETE
         .
.QDTKFTEEIPLKILAHNNFVGR
QDIKFTEEIPLKILAHNNFVGR
KDTKTADEVPLKILAHNNFVQRLIGKEGR
.| |  :|:||||||||||| ||||||||||||:||||:|||||| ||:||||||||||||||.:| | |||:|||||:
NLKKVEQDTETKITISSLQDLTLYNPERTITVKGSIENCCKAEQEIMKKV
||.||||:|.|.||.|||||||| |.|||| .|   ||| |  | |    ||  |    | |
REAYENDVAAMSLQSHLIPGLNLAAVGLFPASSNAVPPPPSSVSGA...APYSSF.MPPEQE
          .         .         .         .         .
VTYIPDEMATPQAPSQQLQQQPQQQHPQGRRG.FGQRGPARQGSP...GAAARP
| |||||||  | | ||         |.|||| .|||| .|||||   |. .:
VAYIPDEMAAQQNPLQQ.........PRGRRG.LGQRGSSRQGSP...GSVSKQ
      .         .         .         .         .
KPQTEVPLRMLVPTQFVGAIIGKEGATIRNITKQTQSKIDIHRKENAGAA
||  :.|||:||||||||||||||||||||||||||||||:|||||||||
KP.CDLPLRLLVPTQFVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAA
      .         .         .
EKPITIHSTPEGCSAACKIIMEIMQKEA
|| ||| ||||| ||||| |:||| |||
EKSITILSTPEGTSAACKSILEIMHKEA
          .
YQLENYSLK
:||||:.||
FQLENFTLK
 ||||  ||
HQLENHVLK
|.|||||                   .:|||| .| |||.|||||   |.  ||.|  |:|
VSYIPDE.............QSVQGPENGRRGGFGARGAPRQGSPVTAGAPVKQQP.VDIP
||||||||:||||||||||||||||||||||||||||||||||||.|.|
LRLLVPTQYVGAIIGKEGATIRNITKQTQSKIDVHRKENAGAAEKAISIH
||||| ||||| ||||| |||
STPEGCSAACKMILEIMQKEA
         .         .         .         .         .
MKAIDTLSGKVELHGKVIEVEHSVPKRQRSRKLQIRNIPPHLQWEVLDSL
:|||: ||||:||||| |||||||||||| ||||||||||||||||||||
LKAIEALSGKIELHGKPIEVEHSVPKRQRIRKLQIRNIPPHLQWEVLDSL
         .         .         .         .         .
MNKLYIGNLSENVSPTDLESLFKESKIPFTGQFLVKSGYAFVDCPDETWA
|||||||||||| .|.||||:||:.||| .| ||||.||||||||||.||
MNKLYIGNLSENAAPSDLESIFKDAKIPVSGPFLVKTGYAFVDCPDESWA
         .         .         .         .
LAQYGTVENCEQVNTESETAVVNVTYANKEHARQGLEKLNG
| ||| ||.||||||:||||||||||..|: ||| |:||||
LVQYGVVESCEQVNTDSETAVVNVTYSSKDQARQALDKLNG|||||||||.|.  |.||| :| | ||  || ||||.|||||||||| ||
MNKLYIGNLNESVTPADLEKVFNDHKISFSGQFLVKSGYAFVDCPDEQWA
:||||  |||:||||| :|:||||||:|| ||:||||||| |.||||| |
MKAIETFSGKVELHGKQLEIEHSVPKKQRSRKIQIRNIPPQLRWEVLDGL
| ||| ||.|||||||||||||||||..::| |||: ||||
LAQYGTVENCEQVNTDSETAVVNVTYTNREQTRQAIMKLNG
         .         .         .
LAQRKIQEILAQVRRQQQQQQKTVQSGQPQPRRK
.||||||||| ||:  | |||| .||| || |||
VAQRKIQEILTQVK..QHQQQKALQSGPPQSRRK
.|||||.:|| |||  |  |.   |||  |.|||
MAQRKIRDILAQVK..QQHQKG..QSGQLQARRK
Vera
KOC
ZBP
RRM
KH-1
KH-2
KH-3 KH-4
1
142
279
420
561
1
1
142
269
407
548
142
406
547
269
Vera
KOC
ZBP
Vera
KOC
ZBP
Vera
KOC
ZBP
Vera
KOC
ZBP
Current Biology
Alignment of the predicted amino-acid sequences of Vera, KOC [13],
and ZBP [7]. The single RRM and four KH RNA-binding domains are
boxed and labeled. Within the RRM are two motifs, which are
conserved in most RRMs, and are termed RNP-1 (single underline)
and RNP-2 (double underline). The boxes shaded grey correspond to
two putative basic nuclear-localization sequences identified in a
previous study [13]; the box shaded blue corresponds to a putative
leucine-rich Rev-like nuclear-export signal [7]. Gaps have been
introduced into the sequences to optimize the alignment. Amino-acids
which are conserved between proteins are linked by lines; single and
double dots signify similar and highly similar amino acids, respectively.
complex may interact with the Xlsirt RNA, which is local-
ized prior to Vg1 [29] and is required for anchoring Vg1
mRNA to the vegetal cortex [30]. 
Vera as a general localization factor
The fact that Vera and its homologs are involved in the
localization of different RNAs in different cell types sug-
gests that these proteins are general factors for RNA local-
ization. Recently, it has been shown that β-actin mRNA is
associated with microtubles in neurons [31], and earlier
work has shown that β-actin mRNA is transported on actin
filaments in fibroblasts [32]. Therefore, like Vg1 mRNA,
β-actin mRNA localization can involve interactions with
either microtubules or actin filaments. Thus, as suggested
above, Vera protein and its homologs may be capable of
interactions with a variety of transport factors that are dif-
ferentially expressed, or differentially regulated in differ-
ent cells or in different regions of the same cell, and
mediate interactions with the cytoskeleton and/or other
subcellular structures. Such a scenario could account for
ER association in some cells but not others. The conspicu-
ous absence of domains for ER association and micro-
tubule or actin binding in the sequence of Vera or ZBP
implies that other cellular factors must be required for
these activities. It is possible that subcellular structures
such as the recently identified ‘sponge bodies’ in
Drosophila oocytes [33] or mitochondrial cloud in Xenopus
oocytes [24,34] also play a role. It will be interesting to
determine whether Vera binds to other localized mRNAs
in Xenopus and whether disruption of Vera function in
Xenopus oocytes impairs the localization of other RNAs
known to become localized in this cell [2]. The identifica-
tion of proteins that interact with Vera or ZBP and diver-
sify the mechanism of RNA localization is also an obvious
target for future research.
Conclusions 
The cellular mechanisms for RNA localization are poorly
understood. In a previous report, we discovered an ER-
associated protein (Vera) that is involved in localization of
Vg1 mRNA in Xenopus oocytes [6]. This suggested that
membrane trafficking (for example, ER transport) may
have a role in RNA localization. The work reported here
shows that Vera protein binds directly to a repeated motif
(E2) in the VgLE and that this motif is a functional signal
for RNA localization. Our model for Vg1 mRNA localiza-
tion in stage II/III oocytes (Figure 5) proposes that the
ER-associated protein, Vera, interacts with the VgLE
through the E2 sequence motifs. The Vg1 mRNA, in asso-
ciation with the ER, presumably moves along micro-
tubules to the vegetal cortex [6]. Vg1 protein is not
detected at this stage [35,36], suggesting that the Vg1
mRNA, like several other localized mRNAs [37–39], is
translationally repressed during its localization. As the
Xenopus protein, Vera, is highly homologous to a chicken
protein involved in mRNA localization, ZBP [7], these
data provide direct evidence for a conserved RNA-local-
ization machinery in vertebrates. 
Materials and methods
Plasmid constructions
To test whether any of the repeated sequence motifs in the VgLE inter-
act directly with Vera protein, plasmids were constructed containing
tandem copies of the indicated repeats downstream of the T7 RNA
polymerase promoter. Double-stranded DNA oligonucleotides encod-
ing these short RNAs were cloned directly into the plasmid vector
pTZ18U (BioRad) which was digested with BamHI and EcoRI. The
sequences of the complementary oligonucleotide pairs, with their
respective repeated sequence motifs underlined are 5′-AATTC-
TATTTCTACTTTATTTCTACG-3′ and 5′-GATCCGTAGAAATAAATA-
GAAATAG-3′ for E1, 5′-AATTCTTCACTTTCACTTTCACTTTCACG-3′
and 5′-GATCCGTGAAAGTGAAAGTGAAAGTGAAG-3′ for E2, 
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Figure 5
Vg1 mRNA localization in stage II/III Xenopus oocytes. The Vg1 ORF is
shown as a thick blue line, and the UTRs as thin blue lines. E2 repeats
(purple), which are essential for localization, are shown interacting with
Vera protein (red). Both the Vg1 mRNA and Vera protein are
associated with an ER subcompartment in the vegetal region, which
presumably moves along microtubules to the vegetal cortex [6]. As
Vera is released from ER membranes by dilution of oocyte cytoplasm,
its association with the ER is weak and/or may be regulated by other
unknown cellular factors. The Vg1 mRNA is shown to be translationally
repressed as Vg1 protein cannot be detected at stage II/III of
oogenesis [35,36]. In addition, non-specific RNA-binding proteins bind
to various regions of the Vg1 mRNA and may participate in
translational repression by ‘masking’ the Vg1 mRNA during early
oogenesis.
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5′-AATTCTGCACAGAGTTTTGCACAGAG-3′ and 5′-GATCCTCT-
GTGCAAAACTCTGTGCAG-3′ for E3, 5′-AATTCGACTGTTAG-
CTGTTAGCTGTTAG-3′ and 5′-GATCCTAACAGCTAACAGCTAA-
CAGTCG-3′ for E4.
For determining the specific sequence requirements of the E2–Vera
cross-link, 15 sets of complementary oligonucleotides similar to those
for the E2 construct were cloned into BamHI/EcoRI-cut pTZ18U. Each
set, however, contained a mutation at one position in the E2 repeats.
For example, changing the first position in the E2 repeat to an A utilized
the following oligonucleotides: 5′-AATTCATCACTATCACTATCAC-
TATCACG-3′ and 5′-GATCCGTGATAGTGATAGTGATAGTGATG-3′.
UV cross-linking and in vivo localization assays 
Cross-linking reactions were performed as previously described [6]
with one minor modification. Instead of adding heparin after the RNA
probe, the heparin was added prior to addition of any RNA. When com-
petition experiments are repeated with the complete element deletions
[6] using this modified procedure, ∆aE2 demonstrates a much lower
affinity for Vera than either ∆aE1 or ∆aE4 (data not shown). We there-
fore adopted this protocol for all assays because it produces binding
data that correlate better with in vivo localization assays; the ∆aE2
mutant localizes much less efficiently than either ∆aE1 or ∆aE4 [6]. For
analyzing the effects of single and multiple E2 deletions on localization
and Vera binding, mutants were constructed by site-directed mutagen-
esis and competition efficiencies were determined as described previ-
ously using this modified cross-linking procedure [6].
Protein purification and cloning of the Vera gene
To purify Vera protein, oocytes were isolated from four adult female
Xenopus laevis, and ER membranes were collected from a sucrose
gradient described previously [6]. The membranes were diluted four-
fold with RNA-binding buffer (RBB; 100 mM KCl, 3 mM MgCl2, 5%
glycerol, 10 mM Hepes, pH 7.6) and centrifuged at 16,000 rpm in an
SS34 rotor for 45 min. The supernatant (referred to as the ER release)
was run on a single-stranded DNA agarose (Sigma) column which was
then washed with 15 bed volumes of RBB. Proteins were eluted using
a 0.1–1.2 M KCl gradient, and Vera cross-linking activity was assayed
as described above. Peak fractions from the single-stranded DNA
column were pooled and diluted with RBB lacking KCl to lower the salt
concentration as Vera RNA cross-linking is inhibited by high (> 0.3 M)
KCl concentrations (data not shown). The diluted fractions were
applied to a VgLE–agarose column which was prepared according to
Vioque and Altman [40] using VgLE RNA that was transcribed in vitro
with T7 RNA polymerase. Protein was eluted from the VgLE column
using another 0.1–1.2 M KCl gradient, and each fraction was again
assayed for Vera cross-linking. A protein doublet of around 75 kDa
copurified with cross-linking activity. To determine whether the two
Vera polypeptides are related, the bands were excised separately from
a denaturing gel and proteolytic fragments from each were analyzed by
mass spectrometry. The two polypeptides yielded similar fragments
(data not shown), indicating that they are different forms of the same
protein. To obtain Vera protein in amounts sufficient for amino-acid
sequencing, it was necessary to isolate the protein from one over-
loaded preparative gel. This gel, however, could not resolve the two
peptides. For peptide sequencing, peak fractions were TCA precipi-
tated and subjected to SDS–PAGE (10%). The gel was stained briefly
with Coomassie Brilliant blue, and the Vera polypeptides were excised
from the gel and sent to Kristine Swiderek (Beckman Research Insti-
tute, City of Hope, California) for peptide analysis.
To clone the Vera gene, two degenerate oligonucleotides were
designed from two of the peptide sequences obtained (VTYIPDE-
MAAPQAP and IKEENFFGPK; in the single-letter amino-acid code).
The sequences of the oligonucleotides were 5′-TA(C/T)AT-
(A/C/T)CC(A/G/C/T)GA(C/T)GA(A/G)ATGG-3′ and 5′-C(A/G)AA-
(A/G)AA(A/G)TT(C/T)TC(C/T)TC(C/T)TT-3′, respectively. This PCR
reaction gave poor yields of the expected approximately 1 kb product
when amplifying oocyte RNA. A set of nested degenerate primers 
5′-ATGGT(A/C/G/T)CC(A/C/G/T)AC(A/C/G/T)CA(A/G)-3′ and 5′-
C(A/C/G/T)AC(A/G)AA(A/G)TT(A/G)TT(A/G)TG(A/C/G/T)GC-3′ de-
signed from additional peptide sequences MVPTQFVGAIITK and
FTEEIPV were then used to generate an approximately 220 bp PCR
product using the 1 kb PCR product as a template. This 220 nt PCR
product was cloned and sequence analysis showed that it encoded the
expected fragment of the Vera gene. This was used to synthesize a
32P-labeled probe to screen a Xenopus oocyte cDNA library (kindly
provided by Alan Wolffe). Two overlapping clones were obtained,
which included the entire Vera open reading frame, and both strands of
these clones were sequenced by the Biopolymers DNA sequencing
facility at Harvard Medical School.
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